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Paramyxoviruses replicate in the cytoplasm of infected cells and newly synthesized viral nucleocapsids
(vRNPs) are transported to the plasma membrane to be incorporated into progeny virions. In this study,
we analyzed the impact of the Rab11-mediated recycling pathway in Sendai virus (SeV) and human
parainﬂuenza virus type 1 (hPIV1) vRNP transport. We found that suppression of Rab11 expression
caused vRNP aggregation in the cytoplasm and reduced progeny virion formation. Overexpression of
constitutively active Rab11Q70L, but not dominant negative Rab11S25N co-localized with vRNP, showing
that vRNP speciﬁcally recognizes the GTP-bound active form of Rab11. Moreover, Rab11Q70L co-localized
with the dominant negative tails of all three subtypes of myosins, Va, Vb, and Vc, while SeV and hPIV1
vRNPs co-localized with only myosin Vb and Vc. These results highlight the critical role of Rab11 in vRNP
trafﬁcking, and suggest a speciﬁcity in the recycling endosomes parainﬂuenza viruses utilize for virus
assembly.
& 2015 Elsevier Inc. All rights reserved.Introduction
Sendai virus (SeV, a murine parainﬂuenza virus type 1) is a
prototypical parainﬂuenza virus that is composed of six major
structural proteins: hemagglutinin–neuraminidase (HN), fusion
(F), matrix (M), nucleocapsid (NP), phospho (P) and large
(L) proteins. The viral nucleocapsid (vRNP) is composed of geno-
mic RNA encapsidated with NP and associated with the poly-
merase P–L complex (Coronel et al., 2001; Takimoto and Portner,
2004). Human parainﬂuenza virus type 1 (hPIV1), which is a
leading cause of croup, is genetically and structurally similar to
SeV (Karron and Collins, 2013). Genome replication of these
parainﬂuenza viruses takes place exclusively in the cytoplasm, and
newly synthesized vRNPs are transported to the plasma mem-
brane, where progeny virions are formed through speciﬁc inter-
actions with other membrane-associated viral components (Taki-
moto and Portner, 2004). Transport of progeny vRNPs from the
sites of replication in the cytoplasm to the sites of virus assembly
at the plasma membrane is essential for efﬁcient production of
infectious viruses.
We previously reported the rescue of a recombinant SeV (rSeV-
LeGFP) whose L protein is tagged with enhanced green ﬂuorescent
protein (eGFP). This virus allowed us to analyze real-time trafﬁcking
of vRNPs in live infected cells (Chambers and Takimoto, 2010). Time-u (T. Takimoto).lapse digital video microscopy revealed directional and saltatory
movement of vRNPs along microtubules. Strikingly, the vRNPs co-
localized with Rab11a and concomitantly moved with Rab11a or
transferrin in infected cells, suggesting that SeV utilizes the recycling
endosome pathway regulated by Rab11a to deliver vRNPs to the cell
surface (Chambers and Takimoto, 2010). Similarly, recent studies on
other respiratory RNA viruses suggest a role for the Rab11a pathway
in virus assembly (Bruce et al., 2012). Studies on respiratory syncytial
virus (RSV) showed that overexpression of dominant negative (DN)
forms of Rab11-FIP1 or myosin Vb inhibit RSV release from the apical
surface of infected cells (Brock et al., 2003; Utley et al., 2008). In the
case of inﬂuenza A viruses, depletion of Rab11 reduced virus release
from cultured cells and data showed a direct interaction between
inﬂuenza vRNPs with Rab11, possibly through its polymerase subunit
PB2 (Amorim et al., 2011; Bruce et al., 2010; Eisfeld et al., 2011;
Momose et al., 2011). These studies suggest that many respiratory
RNA viruses utilize Rab11a-mediated recycling endosomes in viral
assembly (Amorim et al., 2011; Brock et al., 2003; Bruce et al., 2010;
Eisfeld et al., 2011; Momose et al., 2011; Utley et al., 2008).
Rab11a is a member of the Rab family of small GTPases, which
directs intracellular protein trafﬁcking between compartments by
regulating targeting, docking, and fusion (Jordens et al., 2005;
Zerial and McBride, 2001). Various Rab isoforms are known to
regulate speciﬁc intracellular trafﬁcking, such as internalization
(Rab5), recycling (Rab4 and Rab11), and degradation (Rab7). Rab
GTPases are also responsible for directional trafﬁcking. Rab11
regulates endosomal trafﬁcking to the apical plasma membrane in
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tory trafﬁc in polarized epithelial cells (Huber et al., 1993; Wang et
al., 2000). These endosomes utilize the cellular cytoskeleton for
directional trafﬁcking, and microtubules are known to be involved
in apical recycling pathways. The microtubule motor proteins,
dynein and kinesin, and the actin-based myosin motors play a role
in the trafﬁcking of endosomes (Apodaca, 2001). Speciﬁcally, class
V myosins have been implicated in many intracellular trafﬁcking
processes through speciﬁc interactions with various Rab GTPase
family members (Hammer and Sellers, 2012). There are three
isoforms of myosin V that are expressed in mammalian cells.
Myosin Va is widely expressed but is enriched in brain, testes, and
skin (Mercer et al., 1991), while myosin Vb is ubiquitously
expressed in non-neuronal cells. Myosin Vc is abundant in epi-
thelial and glandular tissues, such as the pancreas, colon and lung
(Rodriguez and Cheney, 2002; Vale, 2003). Among the three sub-
class myosin V proteins, myosin Vb has been shown to directly
interact with Rab11a and Rab11-FIP2 (Hales et al., 2002; Lapierre
et al., 2001; Roland et al., 2007).
Although Rab11 is considered to play a major role in respiratory
RNA virus assembly, the speciﬁcity of the vRNP-Rab11 interaction,
as well as the involvement of other Rab GTPases and motor pro-
teins in vRNP trafﬁcking have not been determined. In this study,
we further analyzed the speciﬁc interactions between active and
non-active forms of Rab11 with SeV and hPIV1 vRNPs, and found
that vRNPs speciﬁcally recognize and interact with the GTP-bound
active form of Rab11. Rab4, which is known to be involved in the
fast recycling pathway, did not strongly interact with these vRNPs.
We also found that, although Rab11 interacts with all three sub-
classes of myosin V, only myosin Vb and Vc co-localized and
caused vRNP aggregation in SeV or hPIV1-infected cells. Our data
suggest that parainﬂuenza viruses recognize speciﬁc endocytic
pathways for vRNP trafﬁcking to the plasma membrane virus
assembly sites.Fig. 1. Suppression of Rab11 expression prevents trafﬁcking of SeV vRNP and progeny vi
Rab8AshRNA or pGIPZ-Rab11AshRNAwas determined by Western blot analysis. (B) HeLa
NP (red) was determined by IF assay using a confocal microscope. Images at the bottom
pGIPZ vectors were infected with SeV and labeled with 35S-Met/Cys for 16 h. (Left) NP and
(Right) Puriﬁed virions were analyzed by SDS-PAGE. Representative data of three differResults
Knockdown of Rab11 suppresses virus production and induces vRNP
aggregation
Using live cells infected with a recombinant SeV whose L gene is
tagged with eGFP, we showed vRNP trafﬁcking on microtubules in
association with Rab11a-mediated recycling endosomes (Chambers
and Takimoto, 2010). Although disruption of microtubule structure by
nocodazole treatment signiﬁcantly reduced progeny virion production
(Chambers and Takimoto, 2010), it is still unclear if Rab11-dependent
trafﬁcking is required for production of progeny virions. To directly
assess the impact of Rab11 in SeV assembly, we knocked down the
expression of Rab11 or Rab8 by transfecting pGIPZ vectors expressing
Rab11shRNA or Rab8shRNA. Transfection of HeLa cells with
pGIPZRab11shRNA or pGIPZRab8shRNA efﬁciently knocked down
expression of the majority of Rab11 or Rab8 (Fig. 1A). These cells were
then infected with SeV and localization of vRNPs was determined by
immunostaining using anti-P monoclonal antibody (mAb). Small
punctate staining of typical vRNPs (Chambers and Takimoto, 2010) was
detected in cells untransfected or transfected with pGIPZRab8shRNA
and infected with SeV (Fig. 1B). In contrast, punctate distribution of
vRNP was signiﬁcantly reduced in Rab11-KD cells, while large aggre-
gates of vRNP were detected in the cytoplasm. The 3D reconstructions
from deconvoluted z-stack images of the xy plane suggest that vRNPs
associated at the plasma membrane were reduced in Rab11KD cells
compared with that detected in HeLa or HeLa-Rab8KD cells, indicating
an essential role of Rab11 in vRNP trafﬁcking to the plasma membrane.
To determine the effect of Rab11 in virus replication and virion pro-
duction, we labeled the infected cells with 35S-Met/Cys for 16 h, and
vRNP synthesis was determined by immunoprecipitation assay. We
also analyzed progeny virions by SDS-PAGE after puriﬁcation through a
glycerol cushion. Suppression of Rab11 did not affect viral protein
production as determined by immunoprecipitation using anti-P mAb,
which also co-precipitated NP (Fig. 1C). However, Rab11a-KD cells
produced much less progeny virions (25–37%) compared with thatrion production. (A) Expression of Rab8A or Rab11A in cells transfected with pGIPZ-
cells transduced with the pGIPZ plasmids were infected with SeV and localization of
are z-stack reconstructions of the boxed area. (C) HeLa cells transduced with the
P proteins in cell lysates were immunoprecipitated by a speciﬁc antibody against P.
ent experiments are shown.
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result showing concomitant moving of vRNPs with Rab11 (Chambers
and Takimoto, 2010) and suggest a critical role for Rab11 in virus
assembly and release from infected cells.
Interaction of SeV vRNP with Rab11
We previously reported construction of Rab11 fused to mRFP,
which when expressed, co-localized and concomitantly moved with
vRNP in SeV-infected cells (Chambers and Takimoto, 2010). Rab11 is a
member of the Rab GTPase family and is activated upon GTP binding.
The Rab GTPases hydrolize GTP and alter the status between active
GTP-bound and inactive GDP-bound forms (Stenmark, 2009). Binding
to GTP induces a conformational change that allows Rab11 to
associate with a vesicular membrane through its isoprenylated C-
terminal region (Joberty et al., 1993). Mutation of Rab11 at residue 25
from serine to asparagine (S25N) and residue 70 from glutamine to
leucine (Q70L) stabilizes the protein in the inactive GDP- and active
GTP-bound states, respectively (Ullrich et al., 1996). To further analyze
the speciﬁc interaction between Rab11 and vRNP, we made mRFP-
Rab11 cDNAs containing mutations at S25N (mRFP-Rab11S25N) or
Q70L (mRFP-Rab11Q70L), respectively. Cells transiently expressing the
wt, mutant Rab11 or Rab8 proteins were infected with SeV and
localization of Rab proteins and vRNP were determined by IF.
Expressed mRFP-Rab8 did not co-localize well with vRNP or affect the
punctate distribution of vRNPs (Fig. 2). In contrast, mRFP-Rab11
expression induced vRNP aggregate formation, which strongly co-
localized with the expressed mRFP-Rab11. Among the two mutant
mRFP-Rab11 proteins, only the constitutively active Rab11Q70L
strongly co-localized with vRNP and induced vRNP aggregation. These
data suggest that vRNPs speciﬁcally recognize and interact with the
GTP-bound active form of Rab11.
Interaction of hPIV1 vRNP with Rab11
Human parainﬂuenza virus type 1 (hPIV1) is closely related to SeV
(Takimoto et al., 2000). Although hPIV1 shares similarity in structureFig. 2. Co-localization of the active form of Rab11a with SeV vRNPs. HeLa cells were t
constitutively active (CA) Rab11a or Rab8a and infected with SeV. Viral P protein was det
the magniﬁed area shown in the box. Histogram indicates the ﬂuorescence intensities iand genes, little is known about vRNP trafﬁcking and viral assembly
of hPIV1. Because of its structural similarity, we anticipate that Rab11
also plays a role in hPIV1 vRNP trafﬁcking and assembly. To determine
the role of Rab11 in hPIV1 assembly, we transiently expressed wt,
mutant Rab11, or Rab8 proteins and then infected with hPIV1. Similar
to the results obtained for SeV, hPIV1 vRNP showed low levels of co-
localization with mRFP-Rab8 or mRFP-Rab11S25N (Fig. 3). In sharp
contrast, hPIV1 vRNP strongly co-localized with mRFP-Rab11 and
mRFP-Rab11Q70L. Co-localized vRNPs formed large aggregates simi-
lar to that observed in SeV-infected cells. These results suggest that
hPIV1 vRNPs also interact with the constitutively active GTP-bound
Rab11 similar to SeV.
Interaction of Rab4 with SeV and hPIV1 vRNPs
Various Rab proteins regulate intracellular protein trafﬁcking
between compartments. Rab11 and Rab4 have been shown to overlap
in their localization along the endocytic pathway (Sonnichsen et al.,
2000; Trischler et al., 1999). Rab4 is mainly localized in early endo-
somes and is thought to play an important role in rapid recycling of
cargo proteins to the plasma membrane from early endosomes. Rab11
regulates slow recycling from perinuclear endosomes and the trans-
Golgi network to the plasma membrane (Zerial and McBride, 2001).
Although Rab11 plays an essential role in vRNP trafﬁcking as descri-
bed above, involvement of Rab4 and the fast recycling pathway has
not been determined. Therefore, we analyzed whether over-
expression of Rab4 fused to mRFP co-localized and caused vRNP
aggregation in SeV- and hPIV1-infected cells as observed with Rab11.
Cells expressing wt Rab4, constitutively active mutant Rab4Q67L, or
dominant negative Rab4S22N (Bielli et al., 2001; McCaffrey et al.,
2001) were infected with SeV or hPIV1, and co-localization of Rab4
and vRNPs was determined by IF. Although we observed faint signals
displaying co-localization between constitutively active mRFP-
Rab4Q67L and SeV vRNPs and aggregated vRNPs at their interaction
sites, it was much less evident than that observed between Rab11 and
SeV vRNPs (Figs. 2 and 4A). In addition, we did not detect clear co-ransfected with cDNAs expressing mRFP fused to wt, dominant negative (DN), or
ected using anti-P mAb followed by anti-mouse IgG-FITC. The white arrow indicates
n the red and green channels along the yellow arrow.
Fig. 3. Co-localization of the active form of Rab11a with hPIV1 vRNPs. HeLa cells were transfected with cDNAs expressing mRFP fused to wt, dominant negative (DN), or
constitutively active (CA) Rab11a or Rab8a and infected with hPIV1. Viral P protein was detected using anti-P mAb followed by anti-mouse IgG-FITC. The white arrow
indicates the magniﬁed area shown in the box. Histogram indicates the ﬂuorescence intensities in the red and green channels along the yellow arrow.
Fig. 4. Co-localization of Rab4 with SeV and hPIV1 vRNPs. HeLa cells were transfected with cDNAs expressing mRFP fused to wt, dominant negative (DN), or constitutively
active (CA) Rab4 and infected with SeV (A) or hPIV1 (B). Viral P protein was detected using anti-P mAb followed by anti-mouse IgG-FITC.
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wt mRFP-Rab4 nor mRFP-Rab4Q67L localized with hPIV1 vRNPs
(Fig. 4B). These data suggest that Rab4 does not likely contribute to
vRNP trafﬁcking of parainﬂuenza viruses.
Involvement of Myosin V in vRNP trafﬁcking
Class V myosins are versatile actin-based motor proteins and one
of its isoforms, myosin Vb is known to be involved in vesicular traf-
ﬁcking of recycling endosomes through direct interaction with Rab11
(Lapierre et al., 2001; Pylypenko et al., 2013). Overexpression of a
myosin Vb tail inhibits recycling of the transferrin receptor or mus-
carinic acetylcholine receptor (Lapierre et al., 2001; Volpicelli et al.,2002). Myosin Va has been shown to interact with various members
of the Rab GTPases, including Rab11a (Lindsay et al., 2013). However, a
recent study showed no direct interaction between Rab11 and myosin
Vc (Bultema et al., 2014). To analyze the involvement of the three
subclasses of myosin V in SeV and hPIV1 vRNP trafﬁcking, we ﬁrst
determined the interaction between the GTP-bound constitutively
active mRFP-Rab11Q70L with the dominant negative (DN) globular
tails of Myosin Va, Vb, or Vc fused to eGFP. HeLa cells expressing
Rab11 and myosin V were ﬁxed and observed under a ﬂuorescent
microscope. As shown in Fig. 5, all of the myosin V DN proteins co-
localized with mRFP-Rab11Q70L, suggesting speciﬁc interactions
either directly or indirectly. Especially, myosin Vb DN formed large
aggregates at the perinuclear region, which are co-localized with
Fig. 5. Co-localization of Rab11 and the three classes of myosin V. HeLa cells were transfected with mRFP-Rab11Q70L and either eGFP-MyoVaDN, eGFP-MyoVbDN, or eGFP-
MyoVcDN. Bottom panel is cells transfected with mRFP-Rab11S25N and eGFP-MyoVbDN. Fixed cells were analyzed by ﬂuorescent microscope. The white arrow indicates the
magniﬁed area shown in the box. Histogram indicates the ﬂuorescence intensities in the red and green channels along the yellow arrow.
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myosin Vb DN was much less than that of Rab11Q70L, suggesting a
speciﬁc interaction of myosin Vb with the GTP-bound active form of
Rab11 as reported using a yeast-two hybrid system (Lapierre et al.,
2001). We next determined if overexpression of the DN forms of
myosin V affect vRNP localization in SeV or hPIV1-infected cells. As
shown in Fig. 6, the most signiﬁcant effect on vRNP localization was
detected in cells expressing eGFP-MyoVbDN. Both SeV and hPIV1
vRNP formed large vRNP aggregates in the perinuclear region where
eGFP-MyoVbDN localized (Fig. 6). Similarly, we also detected vRNP
aggregates co-localized with eGFP-MyoVcDN, especially in hPIV1-
infected cells. In contrast, eGFP-MyoVaDN did not strongly co-localize
with SeV or hPIV1 vRNPs in infected cells, suggesting a difference in
the involvement of class V myosins in SeV and hPIV1 vRNP trafﬁcking.Discussion
Our previous study suggested a role for Rab11-mediated recy-
cling endosomes in SeV assembly (Chambers and Takimoto, 2010).
In this study, we further analyzed the function of Rab11 in viral
assembly and showed that knockdown of Rab11 prevented vRNP
trafﬁcking and reduced production of progeny virions suggesting a
critical role for recycling endosomes in progeny virion assembly
and release (Fig. 1). Overexpression of the constitutively active
GTP-bound Rab11Q70L, but not inactive Rab11S25N co-localized
with vRNP, indicating a speciﬁc recognition of the active form of
Rab11 (Fig. 2). Overexpression of Rab11Q70L also caused vRNP
aggregation, suggesting that mRFP-fused Rab11Q70L prevents
vRNP trafﬁcking in infected cells. The same result was alsodetected in hPIV1-infected cells, suggesting a similar role for
Rab11 in closely-related hPIV1 assembly (Fig. 3). Involvement of
Rab11 in other respiratory RNA virus replication was also reported
in inﬂuenza A virus and RSV. Similar to our data with SeV and
hPIV1, vRNPs of inﬂuenza A virus have been shown to speciﬁcally
interact with GTP-bound Rab11 and use Rab11-dependent recy-
cling endosomal machinery for apical membrane trafﬁcking
(Amorim et al., 2011; Bruce et al., 2010; Eisfeld et al., 2011;
Momose et al., 2011). Involvement of Rab11-FIPs in virus budding
has also been reported in RSV (Brock et al., 2003; Utley et al.,
2008). These studies suggest the critical role of Rab11-mediated
recycling endosomes in progeny virus production, which could be
an attractive target for the development of antivirals effective
against various respiratory RNA viruses.
The Rab family of GTPases regulates membrane trafﬁcking along
the biosynthetic and endocytic pathways in eukaryotic cells (Grant
and Donaldson, 2009; Stein et al., 2003). Although existing data
indicate the importance of Rab11 in vRNP trafﬁcking and virus
assembly, involvement of other Rab proteins that regulate recycling
endosomes has not been assessed. Three GTPases Rab5, Rab4 and
Rab11 are known to regulate sequential transport steps along the
endocytic and recycling pathways. Rab5 organizes a membrane
deﬁning the site of entry into early endosomes, and Rab4 and Rab11
are implicated in the fast and slow recycling pathways, respectively
(McCaffrey et al., 2001; Van Der Sluijs et al., 1991; Zerial and McBride,
2001). Given the fact that Rab4 does not strongly interact with SeV
vRNPs and does not interact with hPIV1 vRNPs (Fig. 4), parainﬂuenza
viruses are likely to predominantly utilize the Rab11-regulated slow
recycling pathway for vRNP trafﬁcking.
Fig. 6. Myosin Vb and Vc, but not Va tail fragments co-localize with SeV and hPIV1 vRNPs. HeLa cells were transfected with cDNAs expressing eGFP fused to the tail domains
of myosin Va, Vb or Vc and infected with SeV (A) or hPIV1 (B). Viral P protein was detected using anti-P mAb followed by anti-mouse IgG-Texas Red. The white arrow
indicates the magniﬁed area shown in the box. Histogram indicates the ﬂuorescence intensities in the red and green channels along the yellow arrow.
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and regulatory proteins are required for directional trafﬁcking of cargo
through cytoskeleton tracks. The class V myosins are multifunctional
actin-based motors that act as transporters or tethers for a wide
variety of membrane cargos, including recycling endosomes in
polarized epithelial cells (Hammer and Sellers, 2012). Among the
three subclasses, myosin Vb is considered to play a major role in
Rab11-regulated recycling endosomes. The globular tail domain of
myosin Vb was shown to directly interact with Rab11 (Lapierre et al.,
2001). Rab11-FIP2, an effector of Rab11 also directly binds to myosin
Vb (Hales et al., 2002). Structural analysis indicated a speciﬁc inter-
action of myosin Vb with the GTP-bound, but not GDP-bound form of
Rab11 (Pylypenko et al., 2013). We conﬁrmed this interaction in cells
expressing eGFP-MyoVbDN and mRFP-Rab11Q70L, which co-
localized as large aggregates in the cytoplasm (Fig. 5). In contrast,
the GDP-bound form mRFP-Rab11S25N did not show strong co-
localization with eGFP-MyoVbDN, consistent with previous studiesshowing a speciﬁc direct interaction between GTP-bound Rab11 and
Myosin Vb (Lapierre et al., 2001; Pylypenko et al., 2013). Unlike
myosin Vb, myosin Vc does not directly bind to Rab11 as determined
by yeast-two hybrid assay (Bultema et al., 2014). Similarly, a previous
study showed no direct interaction between Rab11 and myosin Va,
but a recent report showed direct binding by the yeast two-hybrid
system (Lapierre et al., 2001; Lindsay et al., 2013). In our study,
expression of mRFP-Rab11Q70L with eGFP-MyosinVaDN or eGFP-
MyosinVcDN resulted in co-localization of the proteins, possibly
through a direct or indirect interaction between the molecules (Fig. 5).
Interestingly, overexpressed globular tail domains of myosin Vb and
Vc, but not Va showed high levels of co-localization with SeV or hPIV1
vRNPs, suggesting that Rab11-regulated vesicles that are associated
with myosin Vb or Vc, but not Va are responsible for vRNP trafﬁcking
(Fig. 6). This interaction could be through Rab11-family interacting
proteins (Rab11-FIPs), such as Rab11-FIP5 that has been shown to
bind kinesin II and directs endocytosed proteins to the recycling
R. Stone et al. / Virology 487 (2016) 11–18 17pathway throughmicrotubules (Lapierre et al., 2001; Schonteich et al.,
2008). Overall, our study suggests the involvement of multiple reg-
ulatory and motor proteins for directional trafﬁcking of vRNPs to
plasma membrane assembly sites.Materials and methods
Cell and viruses
LLC-MK2 (ATCC, CCL-7) and HeLa (ATCC, CCL-2) cells were
cultured in Dulbecco's modiﬁed Eagle's medium (DMEM) with 8%
fetal calf serum (FCS). SeV (strain Enders) and hPIV1 (strain C-35)
were grown in LLC-MK2 cells in DMEM supplemented with
acetylated trypsin (2 μg/ml).
cDNAs
pGIPZ-Rab11AshRNA and pGIPZ-Rab8AshRNA were obtained
from Open Biosystems. Synthesis of cDNAs expressing Rab8a or
Rab11a fused to monomeric red ﬂuorescent protein (mRFP) was
described previously (Chambers and Takimoto, 2010). Mutations
in Rab11a at S25N and Q70L were created using PCR for gene
splicing by overlap extension (Horton et al., 1989). Rab4a cDNA
was produced from total mRNA extracted from HeLa cells by
SuperScript III One-step RT-PCR Platinum Taq HiFi kit (Invitrogen)
using speciﬁc forward and reverse primers containing EcoRI and
KpnI sites, respectively. The PCR product was cloned into pmRFP-
C1 vector (Digel et al., 2006). Mutations in Rab4a at S22N and
Q67L were created by PCR for gene splicing by overlap extension
as above. The plasmid that expresses eGFP fused to myosin Va tail
(DN) was provided by John A. Hammer III (NIH). This construct
consists of the C-terminal 571 residues of the brain-spliced iso-
form of myosin Va fused to the C-terminus of eGFP (Wu et al.,
2002). The plasmid that expresses eGFP fused to the myosin Vc tail
(DN) was a kind gift from Richard E. Cheney (University of North
Carolina at Chapel Hill) (Rodriguez and Cheney, 2002). This con-
struct consists of the entire tail (aa 902-1742) of myosin Vc ligated
into the XhoI-BamHI sites of pEGFP-C2 (Clontech). The construct
consists of the tail sequence of C-terminal 595 residues of myosin
Vb fused to the C-terminus of eGFP and was constructed by
cloning the RT-PCR product of the corresponding region of myosin
Vb ampliﬁed from HeLa cell mRNAs into pEGFP by In-Fusion
cloning (Clontech).
Western blot analysis
To conﬁrm the suppression of Rab8a and Rab11a in cells
transfected with pGIPZ vectors, lysates of HeLa cells were prepared
2 days after transfection using TNE buffer (10 mM Tris [pH 7.4],
150 mM NaCl, 0.5% NP-40, 1 mM EDTA). Proteins in the SDS-PAGE
were electrotransferred onto PVDF membranes and probed with
anti-Rab8 mAb (Abnova), anti-Rab11 rabbit serum (Invitrogen) or
anti-β-actin mAb (Cell Signaling).
Virus production from cells
HeLa cells were transfected with the pGIPZ vectors for 2 days
and then infected with SeV at MOI of 2. At 24 h postinfection, cells
were cultured in labeling medium containing 100 mCi of 35S-Met/
Cys (PerkinElmer) for 16 h. Progeny virions in culture supernatants
were puriﬁed by ultracentrifuge over 40% glycerol in PBS, and
analyzed by SDS-PAGE. For immunoprecipitation of viral proteins,
labeled cells were lysed with TNE buffer and incubated with Pro-
tein G-Dynabeads (Life Technologies) pre-incubated with anti-SeV
P mAb. The samples were then analyzed by SDS-PAGE.Immunoﬂuorescence (IF) assay
For the detection of vRNP in Rab8- or Rab11-KD cells, cells were
infected with SeV at MOI of 2 and incubated for 24 h. Infected cells
were ﬁxed with 4% paraformaldehyde for 15 min and permeabilized
with 0.1% Triton X-100 for 10 min at room temperature. SeV NP was
detected using anti-NP mAb (Chambers and Takimoto, 2010) followed
by goat anti-mouse Texas Red (Molecular Probes). Z-stack recon-
structions of the samples were obtained using an Olympus FV1000
confocal microscope with a 63 oil immersion objective. Co-
localization of SeV or hPIV1 P with mRFP-tagged Rab proteins was
determined as follows. HeLa cells in a 24-well plate containing glass
cover slips were transfected with the cDNAs for 24 h using poly-
ethylenimine (PEI) (Longo et al., 2013) and infected with the viruses at
MOI of 1. After 16 h, cells were ﬁxed and permeabilized as above and
reacted with anti-P mAb followed by anti-mouse IgG-Texas Red. Co-
localization of eGFP-tagged myosin V and vRNP was determined as
follows. HeLa cells transfected with the eGFP-tagged myosin V DN
constructs by PEI for 24 h were infected with SeV or hPIV1 at MOI of
1. After 16 h incubation, cells were ﬁxed and processed for IF using
anti-P mAb and anti-mouse IgG-Texas Red, as described above.
Fluorescent images were obtained using an Olympus FV1000 confocal
microscope or Olympus IX50 inverted ﬂuorescence microscope. The
histogram of the ﬂuorescence intensities was determined by ImageJ
1.49v software (NIH).Acknowledgments
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